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• Ozone can potentially 
affect the vegetation:
- phytotoxicity 
- high values
- wide distribution in remote 
areas
• Forests may reduce 
ozone through stomatal and 
non-stomatal deposition
Stomatal uptake
Surface reaction
deposition
O3
Aim of the study is to assess the size of ozone 
regulating services provided by forests:
i) the portion of ozone removed by vegetation
ii) if ozone removal may have a biological cost for plants
with 
vegetation
without 
vegetation
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Statistical selection of:
- 3 + 1 sites (open area)
- 3 x 3 plot (forest)
750 m asl
900 m asl
1200 m asl
1600 m asl
Study design
open 
area
forest 
plot
Site 1
Site 2
Site 3
Environmental variables
In each forest plot and open 
area, measurement at 2 m 
of:
Passive sampling:
- Ozone 
- Nitrogen dioxide
Data logger:
- Temperature
- Relative humidity
Period: May - August 2013
Tree response variables
• Chl a fluorescence (n=9 
trees, 15 shoots per tree, 
C0 and C1)
Fv/Fm = maximum 
quantum yield efficiency
• Crown condition (n=27 trees)
• Needle weight (n=9 trees,  
900 needles per tree, C0)
• Shoot length (n=9 trees, 
45 shoots per tree, C0)
Tree health
Productivity
Photosynthetic efficiency
Picea abies L.
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Altitudinal profile of NO2 concentration 
• Nitrogen dioxide 
concentration decreased 
with altitude, both inside 
and outside forests.
• Concentrations are very 
low (1.4 ug m-3)
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Altitudinal profile of ozone concentration 
• Ozone concentration 
increased with altitude, 
both inside and outside 
forests.
• Lower ozone 
concentrations within the 
forest (64.8 ug m-3) than in 
open areas (74.5 ug m-3)  
(P<0.001) 
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• Is there a relationship between ozone removal and 
environmental/structural factors?
– Elevation
– Ozone concentration
– LAI
– Tree circumference
Ozone removal vs. environmental/structural factors
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• Is there a biological “cost” for plants because of 
ozone removal?
Response indicators:
– Trasparency
– Shoot lenght, needle wheight
– Chlorophyll fluorescence
Ozone removal vs. tree responses
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Elevation vs. tree responses
y = 0.02x - 20.93
R2 = 0.47
0
10
20
30
40
50
0 500 1000 1500 2000
Elevation, m a.s.l.
T
r
a
n
s
p
a
r
e
n
c
y
,
 
%
~ 900 m a.s.l.
~1200 m a.s.l.
~1500 m a.s.l.
y = -0.0048x + 13.87
R2 = 0.98
0
3
6
9
12
0 500 1000 1500 2000
Elevation, m a.s.l.
S
h
o
o
t
 
l
e
n
g
h
t
,
 
c
m
y = -0.00x + 7.39
R2 = 0.99
0
2
4
6
8
0 500 1000 1500 2000
Elevation, m a.s.l.
N
e
e
d
l
e
 
w
e
i
g
h
t
,
 
m
g
y = -0.00x + 0.88
R2 = 0.97
0.80
0.82
0.84
0.86
0.88
0 500 1000 1500 2000
Elevation, m a.s.l.
F
v
/
F
m
Relationship among tree responses
Nested within such a 
superimposed effect of the 
elevation, the various 
response indicators were 
related to each other
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Functional interpretation of monitoring data 
• Vegetation provides ecosystem services → ozone removal
• Ozone removal resulted:
– slightly dependent on elevation and on ozone concentration
– slightly associated to lower productivity and photosynthetic 
activity, and higher crown transparency
• Thus, ozone removal seems to have a slight (if any) “biological 
cost”
• Plants are able to play an important role in regulating services -
like ozone removal - also where environmental conditions are more 
stressful
• Side findings: data suggest a possible functional interpretation of 
forest health monitoring data
Possible biological costs of removing ozone
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